Abstract: This paper presents a 2.4GHz I&Q passive mixer with 36dB conversion gain and low biasing current of 1.2mA. A pre-amplifier sharing biasing current of the trans-conductance stage is used to improve conversion gain and noise performance without dissipating extra power. A gm-boosted common gate structure is proposed as the trans-impedance amplifier (TIA), which consumes less power than an OTA based TIA in traditional passive mixers. A prototype of the proposed mixer is designed and fabricated in SMIC 180 nm CMOS process. The 36dB conversion gain, -11dBm IIP3 and 12 dB NF are achieved in measurements.
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Introduction
With the reduction in IC feature size, the conducting resistance and the parasitic capacitance of MOS switches decreases significantly, which encourages the technique development and mass usage of passive mixers[1]- [6] . Compared with active mixers such as Gilbert mixers [7] [8], the sub-sampling mixer [9] and the discrete sampling receiver[10], a passive mixer achieves higher conversion gain and better linearity. Thus it has become a promising choice to build an RF receiver. However in passive mixers, the demand of high conversion gain and low noise figure often implies more biasing current. In this letter, efforts are made to reduce the working current of both gm stage and TIA. In previous works [11] [12], complementary structure is used to reuse the biasing current of both NMOS and PMOS transconductance transistors. The effective gm is gmn+gmp. In this design, a pre-amplifier which shares the biasing current of the complementary gm stage is used to further improve power efficiency and noise performance. With the current reusing pre-amplifier which provides additional conversion gain and suppression to the noise of the following circuit, the demand of the biasing current is released. Compared with the complementary current reusing techniques [11] [12], at least 30% biasing current can be saved while achieving comparable conversion gain and noise figure. Furthermore, even with 30% biasing current off, the NF of the proposed mixer is 2 dB lower than the passive mixer using complementary gm stage [11] .
To obtain low power consumption, the biasing current of the TIA should also be reduced. The mainstream TIA structures include OTA feedback structure and the common-gate open-loop structure. The OTA based TIA often achieves very low input impedance at the cost of power consumption. The common-gate structure is more power-efficient but has limited input conductance which would degenerate the conversion gain and linearity [1] . This letter uses a gm-boosted common-gate TIA (RGC-TIA) which retains the low power features of the common-gate structure and achieves high input conductance at the same time. By adding a gain stage to boost the gm of the common-gate transistor, both the input conductance and the output impedance are significantly increased, which is crucial in improving the conversion gain and linearity. As indicated in the letter, the input conductance of the RGC-TIA has an additional gm term to provide higher in-band absorbing rate for the down-converted IF current and higher out-of-band interference rejection at the same time. The boosting of the output impedance makes it possible to use higher load resistor for higher conversion gain without impacting the linearity. Fig.1 shows the circuit schematic of the proposed passive mixer. In the gm stage, a common-source pre-amplifier and a complementary gm stage stacked up and down to share their biasing current. To eliminate interference between the two modules, the joint point is ac-coupled to ground by a large capacitor C8 which is16 pF. The pre-amplifier provides 6.5 dB gain to enhance the RF current generated by the gm stage. The biasing current of both the pre-amplifier and the gm stage are set by VB1 which is current-mirrored from the reference source. The gates of the NM9/10 are biased by the voltage VB2, setting a proper Vds for NM1/2. A voltage-shifting self-biasing technique is proposed to bias the PMOS gm transistors PM1 and PM8. With the DC current-source IB1, the gate voltage of PM1/8 is down-shifted from the gm stage's output common voltage by the value of IB1*R9/2. Compared with traditional self-biased structure which has equal gate and source voltage, the proposed voltage-shifting self-biasing structure releases voltage margin, which is essential for the stacked current reusing structure. The RF current generated by the gm stage is fed into the quadrature mixing core simultaneously. followed by a current-buffer based TIA. The TIA is a common-gate amplifier in structure with its gm boosted by a common-source amplifier. The gm-boosted common-gate amplifier provides low input-impedance and high output-impedance at the same time. The TIA provides high input conductance in low frequency band, presenting a low-pass frequency characteristic in conductance. The commutating switching pair converts the low-pass characteristic to the LO frequency, creating a band-pass characteristic for the conductance at the output node of the gm stage.
Circuit Design
The voltage variation at the output of the gm stage is well suppressed, which eliminates the leakage of the RF current caused by the limited output resistance and the parasitic capacitors. Thus the effective gm at the input RF frequency can be very close to its dc value. The gm boosting structure improves the output impedance of the common-gate amplifier, a relatively large load resistor can be used and a high conversion gain can be achieved. The expression of the conversion gain can be concluded as eq. (1).
In which C p is the parasitic capacitance at the drain terminal of NM1, r oN6 and r oN7 represents the intrinsic output resistance of PM6 and NM7.
The input and output terminals of the proposed TIA is the source and the drain of PM6/7 respectively. The load of the TIA is R3/4. The static current of the common-gate amplifier is set by the current source MP2/3. The input and output terminals of the common-source amplifier which is formed by PM4/5 and NM7/8 are connected to the source and drain terminals of PM6/7 respectively, boosting the gm of PM6/7 and creating a low-input impedance at the source terminal. Meanwhile, the output impedance of the common-gate amplifier is also being boosted, which is beneficial for driving a high resistance load.
The input impedance of the proposed TIA is given in eq.2.
Cp represents the parasitic capacitance at the drain terminal of MP4. To compare Zin of the proposed TIA with a traditional OTA based TIA, the input impedance of the TIA based on a typical two stage OTA is analyzed and is given in eq.3.
In eq.3, gm1 and gm2 present the gm in the first stage and the second stage in the OTA. CP1 and CP2 are the capacitance at the first stage and the second stage. CGS1 is input capacitance of the input transistor. From the expression indicated by eq.2 and eq.3, the low frequency input impedance of the proposed TIA is comparable with the OTA based TIA. At high frequencies where the amplifier gain falls, the input impedance of the proposed TIA is much lower than the OTA based TIA. At extreme frequencies where the inner amplifier gain completely vanishes, the input impedance of the proposed TIA is 1 g m ⁄ while the OTA based TIA is RL. Fig.2 shows the simulated input impedance versus frequency of the proposed TIA and the OTA based TIA. The impedance value is given in logarithm for covering a wide range. At low frequencies, the impedance of the proposed TIA is slightly lower than the OTA based TIA for the additional gm term in the denominator in eq.2. When the frequency increases, the impedance of the OTA based TIA grows much faster than the proposed TIA because of the gain suppression. Both curves reach their peak value at several hundred Mega-Hz frequencies, after which the capacitances at the input terminal dominate the impedance. Then the impedances begin to decline. Because of the lower impedance realized in the whole frequency range, the proposed TIA provides higher current conversion ratio and is less susceptible to out of band blocking signals. Fig.3 shows the micrograph of the proposed passive mixer. The mixer including the LO buffer which is embedded in for testing purpose occupies a die area of 0.35mm×0.4mm. The I,Q mixing path shares one gm stage with a pre-amplifier which reuses the biasing current with the CMOS gm stage. The mixer core and the total power consumption of the mixer are 2.2mW and 3.2mW respectively under the supply voltage of 1.8V. The embedded LO buffer provides LO signal with fixed amplitude. Fig.5 . The NF curve is flat from 0.5MHz to 20 MHz, which is around 12 dB. The measured IIP3 of the proposed mixer is illustrated in Fig.6 . The input two tone signals locate at 2.422GHz and 2.42GHz respectively under the 2.4GHz LO signal. The fitting curve indicates the IIP3 value of -11 dBm. . The working frequencies of the listed mixers are all within the L and S band. The sub-sampling mixer and discrete sampling mixer often suffer from higher NF due to the spurious mixing. For active mixers, OIP3 is compromised when a high conversion gain is realized. A passive down-converter usually achieves high conversion gain, low NF and high conversion gain at the cost of relatively higher power consumption. In this design, the pre-amplification also helps to suppress the noise from the gm stage and TIA without burning extra current. Therefore a relatively low NF of 12 dB and high energy efficiency are achieved. Meanwhile the passive mixing topology guarantees promising linearity. 
Measurement results

Conclusion
This paper presents a 2.4GHz passive mixer with a current reused pre-amplifier and a gm-boosted common gate TIA to improve the power efficiency. The proposed mixer is designed and fabricated in SMIC 180 nm CMOS process. The
